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Introduction
Hydroxymethylphosphines, containing P-CH 2 OH groups, are attractive ligands in transition metal chemistry. The hydroxyl groups help to confer water-solubility, and the reactivity of these hydroxyl groups towards amines [1] and unsaturated compounds such as alkenes [2] allows simple modification of the ligand to provide a diverse range of derivatives. Accordingly, there has been renewed interest in the coordination chemistry of hydroxymethylphosphines, particularly for catalytic and bio-medical applications. [3] Several years ago, we reported the synthesis of the ferrocene-based hydroxymethylphosphine FcCH 2 P(CH 2 OH) 2 , starting from P(CH 2 OH) 3 and FcCH 2 NMe 3 + I -.
[4] This air-stable, crystalline compound was found to be a useful precursor to a range of new ferrocene-based phosphines, including the primary phosphine FcCH 2 PH 2 , which is airstable. [5] Since then, other related ferrocene-derived hydroxymethyl phosphines and their derivatives have been reported [6 -8] ; in all of these compounds there is a CH 2 or CHMe spacer between the ferrocenyl group and the phosphine. In this paper we report the synthesis of new ferrocenyl hydroxymethylphosphines where the phosphine group is 4 bonded directly to the cyclopentadienyl ring. The syntheses of oxide, sulfide and selenide derivatives are also described, together with a study of hydrogen-bonding patterns in the solid-state structures of a selection of these compounds. Part of this work has been published as a preliminary Communication. [9] 2. Results and discussion
Synthesis of hydroxymethylphosphines
The addition of a P-H bond to formaldehyde is a standard method for the preparation of a hydroxymethylphosphorus compound. [3, 10, 11] use of excess formaldehyde led to the initial formation of several products, presumed to contain P-(CH 2 O) n -H adducts (n > 1), which are known to form from hydroxymethylphosphines in the presence of excess formaldehyde. [10] Exposure of the crude reaction mixtures to dynamic vacuum (ca. 1 mmHg) gave the desired hydroxymethylphosphines as the sole product. Hydroxymethylphosphine 1 was isolated as a crystalline brown solid that was soluble in polar organic solvents and indefinitely stable in air. Phosphine 2 was isolated as a brown oil, and oxidation/decomposition occurred on exposure to air. Satisfactory microanalytical data could not be obtained for 2. protons of 2 appeared as a multiplet.
Synthesis of chalcogenide derivatives
In order to provide stable, crystalline derivatives of the hydroxymethylphosphines 1 and 2 for additional characterisation data, the oxide, sulfide and selenide derivatives were Figure 1 , where the loss of CH 2 O at the higher cone voltage is clearly shown.
X-ray structure determinations
The crystal structure of 1 was carried out in order to provide a comparison with FcCH 2 P(CH 2 OH) 2 , which has been structurally characterized previously. [4] Of particular interest in such compounds are the hydrogen-bonded networks formed. Selected bond lengths and angles are given in Table 1 , while the molecular structure is shown in Figure 2 .
The hydrogen-bonding network is very similar to that of FcCH 2 P(CH 2 OH) 2 ; each hydroxyl group acts as a hydrogen bond donor and acceptor. The molecules are arranged into onedimensional chains, crosslinked by hydrogen bonds, running parallel to the b axis. The hydrogen-bonded network structure is shown in Figure 3 . There are two distinct hydrogen bonds, H(4)…O (1) for comparative purposes. The molecular structure of 3 is shown in Figure 4 , with Figure 5 showing the hydrogen-bonding network. Figure 6 shows the molecular structure of 4, while Figure 7 shows the hydrogen-bonding network. Selected bond lengths and angles for 3 and 4 are given in Tables 2 and 3 respectively.
The structure of 3 contains a two-dimensional hydrogen-bonding network inclined at an angle of ca. 30° to the bc plane. The hydrogen bonds within this network are exclusively between hydroxyl H atoms and the O atom of the PO group. Each molecule of 3 has hydrogen-bonding interactions with three adjacent molecules and to one of these, both donor and acceptor hydrogen bonds are formed. As a result, two distinct hydrogen bonds are formed, though they are very similar in length and angle about the shared hydrogen.
The structure of the sulfide 4 shows significant disorder in the unsubstituted cyclopentadienyl ring, which can be clearly seen in the thermal ellipsoids in Figure 6 This results in chains consisting of alternating eight-and twelve-membered rings. This is in marked contrast to the hydrogen-bonding pattern adopted by related ferrocenyl increased the effective steric bulk of the ferrocenyl group, forcing hydrogen-bonding between the more distant hydroxyl groups. The poorer hydrogen bond accepting properties of a phosphine sulfide compared with a phosphine oxide are also undoubtedly important.
The P-C bonds in the oxide 3 and sulfide 4 are shorter than their counterparts in the parent phosphine 1, reflecting the smaller size of pentavalent c.f. trivalent phosphorus.
Thus the P(1)-C(11) bond distances (to the cyclopentadienyl ring) are 1.781(2) and 1.783 (3) Å in 3 and 4 respectively, but 1.809(2) Å in 1. Similarly, the average P-CH 2 distances are 1.821(2) and 1.835(3) Å in 3 and 4 respectively, but 1.850 Å in 1.
Preliminary structural investigations indicated that the selenide FcP(Se)(CH 2 OH) 2 5
is isostructural to the sulfide. This was also observed for the related series Ph 2 P(E)(CH 2 OH) (E = S, Se). [16] Unit cell parameters for 5 are given in the Experimental section. aqueous NaCl) were added to 6 -8 before analysis. The platinum complexes 9 and 10 were analysed in MeCN-H 2 O solution (1:1 v/v) using negative ion mode.
Metal complexes of

Materials
Formaldehyde (40% w/v) (BDH), selenium powder (Unilab), and powdered sulfur (BDH) were used as supplied. 
Synthesis of 1,1'-Fc'[P(CH 2 OH) 2 ] 2 2
Following the method for 1, 40% formaldehyde (0.41 mL) was added to a solution 
Synthesis of FcP(S)(CH 2 OH) 2 4
Synthesis of FcP(Se)(CH 2 OH) 2 5
A mixture of 1 (0.10 g, 0.4 mmol) and selenium powder (0.3 g, 4 mmol) in thf (5 mL) was sonicated for 30 min. and the excess selenium removed by filtration. 
Synthesis of 1,1'-Fc'[P(O)(CH 2 OH) 2 ] 2 6
Aqueous hydrogen peroxide (0.22 mL of a 3.16 mol L -1 solution, 1.1 mmol) was added to a solution of 2 (0.13 g, 0.55 mmol) in methanol (4 mL) and the solution stirred for 10 min., at which time 31 P NMR showed the reaction to be complete. The solvent was removed under reduced pressure to give 0.14 g (98%) of 6 as a brown oil. 
Synthesis of 1,1'-Fc'[P(S)(CH 2 OH) 2 ] 2 7
Elemental sulfur (0.02 g, 0. solution at room temperature. Crystallographic data were collected on a Siemens SMART CCD diffractometer, corrected for absorption using SADABS [26] and are summarized in Table 4 . The structures were solved by the direct methods option of SHELXL-97 [27] and developed routinely using full-matrix least-squares refinement based on F 0 2 .
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For 1, all non-hydrogen atoms were refined using anisotropic temperature factors and hydrogen atoms were found from peaks of residual electron density in the penultimate electron density map, and were refined with isotropic temperature factors. All hydrogen atoms in 3 were found by inspection of the penultimate electron density map and included
in the final refinement cycle with isotropic temperature factors; all bond lengths and angles were within accepted ranges. All non-hydrogen atoms in the structure of 4 were refined using anisotropic temperature factors. Hydrogen atoms were placed in calculated positions, except for those involved in hydrogen bonding [H(3) and H(4)], which were located in the penultimate electron density map. The unsubstituted cyclopentadienyl ring is significantly disordered and contains the bulk of the residual electron density. All bond lengths and angles fell within accepted ranges except for those of the disordered cyclopentadienyl ring which were smaller than usual. 
Supplementary information
Crystallographic data have been deposited with the Cambridge Crystallographic Figures   Fig. 1 . ES mass spectra (methanol solvent, NaCl added) of 1,1'-Fc'[P(S)(CH 2 OH) 2 ] 2 7 at cone voltages of (a) 20 V (b) 60 V.
Fig. 2.
Molecular structure of FcP(CH 2 OH) 2 1 with thermal ellipsoids at the 50% probability level, and hydrogen atoms depicted as small circles. 
